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Minimization of ion micromotion using ultracold atomic probes
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We report on a new sensitive method to minimize excess micromotion of an ion in a Paul trap. The ion
is placed in an ultracold cloud of neutral Rb atoms in which ionic micromotion induces atomic losses and
heating. Micromotion is minimized by applying static electric offset fields such that both loss and heating
are minimized. We achieve a compensation precision as high as the best compensation methods to date. In
contrast to these methods, our scheme is applicable even for ions that cannot be optically probed. Further-
more, our method avoids the formation of temporary patch charges which are a main issue for the long-term
stability of micromotion minimization.
In the last decades there has been a tremendous
progress in experiments with ions confined in Paul traps.
Single or well-defined numbers of ions have been prepared
and manipulated on the quantum level 1–4. Laser cool-
ing and manipulation of these strongly isolated quantum
objects can then be used for precision spectroscopy, quan-
tum simulation and quantum computation. For such ex-
periments, control over the ionic excess micromotion is
a pre-condition. Furthermore, a young line of research
investigates cold collisions between trapped ions and ul-
tracold neutral atomic gases 5–10. Here, excess micromo-
tion sets the dominant energy scale and it needs to be
compensated with high precision to reduce the atom-ion
collision energies to the mK regime and beyond.
Micromotion is a driven oscillatory motion of the ions
in the rf field of the Paul trap. Ideally, the ion is trapped
at a node of the rf field, where micromotion is minimal.
However, possible stray electric fields displace the ion
from this location and into trap regions with increased
rf fields. These in turn increase the micromotion ampli-
tudes inducing the so-called excess micromotion. This
micromotion contribution thus needs to be minimized by
compensating the stray electric fields. To date, a num-
ber of methods have been devised to accurately compen-
sate excess micromotion, all of which employ resonant
scattering of light off the ion. Such methods employ,
e.g. motional side-band spectroscopy 11–13, photon cor-
relation measurements 11,14, precise position detection of
the ion while changing the rf confinement 11, or detection
of ionic motional excitation when resonantly modulating
the ion trap potential 15,16. For the ionic species typically
used in these experiments, resonant light at wavelengths
below 500 nm is needed. This is known to produce unsta-
ble patch charges on dielectric surfaces making frequent
readjustments of the compensation voltages necessary.
Also, the laser-based compensation methods fail when
working with “dark” ions, such as Rb+, where optical
transitions are not accessible.
Here, we present a novel compensation method where
ion micromotion is probed by immersing a single ion into
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ultracold 87Rb atom clouds. The ion collides with the
atoms at typical rates of several kHz. Since the atomic
temperatures Tat are on the order of 1µK, the dominant
energy scale for these collisions is set by the ion micromo-
tion. Through the collisions, energy is transferred from
the ion to the atoms 6,7,17. If the transferred energy is
larger than the atom trap depth, the colliding atom will
be lost. Otherwise, the atom remains trapped and even-
tually rethermalizes with the rest of the cloud leading to
an increase of the atomic temperature. After several sec-
onds of immersion and typically many thousand collisions
we detect both the number of remaining atoms and the
final atomic temperature by standard absorption imaging
techniques. In an iterative process, we minimize the loss
and heating of the atom cloud by applying electric com-
pensation fields, thus minimizing excess micromotion.
The experiments are performed with 87Rb+ ions con-
fined in a linear Paul trap of which the design is dis-
cussed in detail in reference18. The effective radial dis-
tance from the trap center to the four rf electrodes is
R′ = 2.6mm and the trap is driven at a frequency of
Ω = 2pi × 4.17MHz and an amplitude of V0 = 500V.
The endcap electrodes are supplied with static voltages
of about 8V. This configuration results in trapping fre-
quencies of (ωr, ωz) = 2pi×(350, 51) kHz. To compensate
radial ion micromotion, we apply electric offset fields per-
pendicular to the trap axis by using two pairs of compen-
sation electrodes.
We begin our investigations by immersing the ion into
the center of a comparatively dilute atom cloud which
is held in a far-detuned optical dipole trap7. At atomic
trap frequencies of (136, 141, 40)Hz, initial atom number
Nat = 1.1×10
4 and temperature Tat = 1.1µK, the initial
atomic peak density is nat = 1 × 10
11 cm−3. The atom
clouds are reproduced within an experimental cycle time
of about 30 s with fluctuations in atom number of less
than 5%, even for thousands of experimental cycles.
Figure 1a shows both decay and heating of the atom cloud
as a function of the interaction time τ when exposed to
a single ion. This measurement was performed for two
micromotion settings as determined by the radial elec-
tric offset field εr. For a small offset field (εr . 0.1V/m,
blue data points), atom loss and heating are suppressed
as compared to a field of εr = 4V/m (black data points).
In addition to the electric fields, also the number of
2FIG. 1. Atomic signals after atom-ion interaction. (a) Evolu-
tion of atom numbers (upper panel) and atomic temperatures
(lower panel) during interaction with a single ion. The mea-
surement was performed both for εr . 0.1 V/m (blue data
points) and for εr = 4V/m (black data points). (b) Histogram
of remaining atom numbers after exposing about 1000 atom
clouds for 2 s to a variable number of trapped ions. The peaks
in the distribution correspond to the number of trapped ions.
trapped ions obviously strongly affects the losses and
heating of the atom cloud. As we want to carry out
all our minimization experiments with a single ion, we
have developed a way to determine the ion number in the
cloud by simply looking at atomic losses. Fig. 1b shows
a histogram of about 1000 atom loss experiments where
atomic clouds (Nat = 1.1 × 10
5, nat = 3 × 10
12 cm−3)
were exposed to a variable number of trapped Rb+ ions
for 2 s at electric fields of several V/m. The well sepa-
rated peaks of the distribution of the histogram reflect
the number of trapped ions, as indicated in the graph.
Specifically, an atom number around 6 × 104 indicates
the trapping of a single ion which we then use for the
further investigations of ion micromotion.
We now perform a first micromotion compensation
measurement for which we immerse the single ion for a
fixed interaction time τ = 8 s into the dilute atom cloud
(Nat = 1.1 × 10
4, nat = 1 × 10
11 cm−3). We vary the
radial electric fields between εr = ±5 V/m and measure
the final atom numbers and temperatures (Fig. 2). At
each electric field setting we perform about 15 individ-
FIG. 2. Micromotion compensation using a dilute atom cloud.
The displayed mean atom numbers and temperatures include
almost exclusively two-body atom-ion interactions. Insets:
Parabolas are fitted locally to the atom number maximum
and the temperature minimum, respectively. This allows for
electric field compensation down to ∆εr . 0.05 V/m.
ual measurements which are shown as the scattered grey
points in the figure. Each data point was measured with a
freshly prepared atom cloud. While most of these points
lie within a relatively small range of scatter, there are
some extreme outliers with almost no atom loss or heat-
ing effect (best seen in Fig. 2a). These extreme events
occur predominantly when ion micromotion is well com-
pensated and are explained by three-body recombination
processes between the ion and two neutral atoms, as de-
scribed in detail in 19. Briefly, the energy released upon
recombination ejects the ion from the atom cloud so that
the atom-ion interaction temporarily stops. The ionic
impact on the atom cloud is thus strongly reduced. In
the measurement shown in Fig. 2, the atomic density is
so low that such three-body interactions are very rare.
At this point of our investigations, we want to suppress
their influence on the data. To do this, we first calculate
the mean atom number and temperature at each interac-
tion time from all data points at this field setting. Then,
we ignore those data points which lie outside a 2σ en-
vironment around these mean values and average over
the remaining measurement outcomes. In this way, the
influence of the extreme events is filtered out to a large
part and the mean values given in Fig. 2 contain almost
exclusively two-body atom-ion collisions.
Figure 2 shows a monotonic dependence on the electric
field strength |εr|, both in the atom numbers and the
atomic temperatures. Atom losses and heating are min-
3FIG. 3. Same as Fig. 2 but using an atomic sample at a den-
sity of nat ≈ 1.5× 10
12 cm−3. The additional effects of three-
body atom-ion interaction increase the electric field sensitivity
and allow for field compensation down to ∆εr . 0.02 V/m.
imal for a vanishing offset field. Furthermore, as one
might expect, the data is symmetric with respect to the
sign of the electric field. Scans of this type can be used
to minimize electric fields with a sensitivity given by how
precisely we can determine the center of the peak (dip).
Fitting a parabola to the data (see insets in Fig. 2) allows
us to extract the optimal electric field setting to within
∆εr . 0.05 V/m. The parameter of crucial importance
in cold atom-ion interactions is the corresponding micro-
motion energy 11
Er =
mion
16
(qrrΩ)
2 , (1)
where mion is the ionic mass, qr = 2eV0/(mionR
′2Ω2) ≈
0.24 is the Mathieu parameter and r = eεr/(mionω
2
r
)
is the displacement of the ion from the rf node. Using
equation 1 we derive a residual radial micromotion energy
of Er = kB × 3.2µK from our uncertainty in εr.
It turns out that we can increase the sensitivity by
carrying out the measurement using a larger and denser
atom cloud (Nat = 9 × 10
4, nat = 1.5 × 10
12 cm−3).
The increase in density by more than an order of mag-
nitude compared to the previous measurement strongly
increases the three-body atom-ion recombination rate 19.
This can be seen when comparing the data scatter in
Figs. 3 and 2a. Especially for small electric fields εr the
scatter in Fig. 3 is large and indicating that nearly every
atom-ion interaction period includes at least one three-
body event. Thus, it does not make sense to sort out
data with three-body events. We simply take the mean
of all data points. Oddly, this changes the form of the
data curve (as compared to Fig. 2a) which is now cusp-
shaped. The cusp can be explained by two facts: 1)
Three body-recombination events in general lead to an
increase in the final atom number, as an ejected ion does
not kick out atoms. 2) The probability for three-body
events increases strongly with decreasing micromotion.
As seen in the inset of Fig. 3a, a parabola is not the ideal
fit to the cusp. A function such as c1|εr− c2|+ c3, where
FIG. 4. Measurement of axial ion micromotion. Due to
the small value of qz, the ion shifts through the atom cloud
as its micromotion is varied. In the outer part of the plot
(|z| & 20 µm), the density profile of the atomic sample can
be recognized. At smaller ionic displacements, a drastic de-
crease of the impact on the atomic sample is observed. The
fits shown allow us to determine the position of the rf fre-
quency node to within ∆z ≈ 0.6 µm.
c1,2,3 are fit parameters, does much better. We obtain
an uncertainty of ∆εr . 0.02 V/m which corresponds to
micromotion energy Er = kB × 0.6 µK.
The data shown in Figs. 1-3 are obtained by varying
electric offset fields in the vertical direction, perpendic-
ular to the trap axis. Measurements in the horizontal
direction are performed in a similar way with similar re-
sults. In a symmetrically driven linear Paul trap, ideally,
there is no micromotion along the trap axis. We drive
our trap in an asymmetric way where two of the four rf
electrodes are grounded. This leads to non-vanishing rf
fields (and micromotion) everywhere along the trap axis
but in the central point (see schematic in Fig. 4), anal-
ogous to the radial directions. Although these axial rf
fields are significantly weaker than the corresponding ra-
dial ones, they still result in large micromotion energies
if the ion is strongly shifted from the trap center. Due
to the small axial trapping frequency of about 50 kHz,
ions in our trap are highly susceptible to electric stray
fields in axial direction. We adjust the axial offset elec-
tric fields by changing the voltage on one of the endcap
electrodes. Figure 4 shows a scan over several V/m which
moves the ion through the entire atom cloud. The inner
parabolically shaped parts of the data around εr = 0
are similar to the curves in Figs. 2 and 3. The outer
wings, however, mainly reflect the decrease of the den-
sity at the edge of the atom cloud. Here, the ion probes
the Gaussian density distribution of the atoms (as dis-
cussed in ref. 7). Again, fitting a parabola to the central
region of Fig. 4 we obtain an electric field uncertainty of
4∆εz . 0.06V/m which corresponds to a positional ac-
curacy of ∆z . 0.6µm and a residual axial micromotion
energy Ez = kB · 9µK
20. Thus, the micromotion en-
ergy is significantly larger than for the radial directions.
Stronger axial confinement of the ion would increase the
achievable positional accuracy of this measurement and
thereby reduce the corresponding micromotion energy.
The micromotion minimization scheme using atomic
probes works in all three spatial dimensions. This is
a great advantage as it relaxes the experimental com-
plexity, e.g. in terms of optical access to the trap cen-
ter. Practically, however, a good compensation in one
direction requires an iterative process of compensating
all three dimensions. Only then the micromotion energy
of the ion can be significantly minimized. Indeed, the
data shown in this work were acquired after micromo-
tion in the remaining two dimensions had already been
minimized.
To verify that the atom-based micromotion compensa-
tion yields the same optimal electric field settings as es-
tablished optical methods, we perform measurements on
a single 138Ba+ ion with no atom cloud being present. We
laser cool the ion and detect its fluorescence on a charge-
coupled device camera. We use two micromotion mini-
mization methods: 1) minimizing position changes of the
ion when changing the trap frequency of the Paul trap11.
2) minimizing motional excitation of the ion while mod-
ulating the rf with the trap frequency15,16. With these
methods we are able to compensate radial electric fields
to about 0.1V/m and to position the ion axially to better
than 1 µm (corresponding to ∆εz ≈ 0.09V/m).
In order to benchmark our minimization method, we
compare its accuracy to the ones of various optical meth-
ods, as reported in the literature. Table I lists the field
uncertainties ∆εr,z, the motional micromotion ampli-
tudes ur,z, and the micromotion kinetic energies Er,z for
a variety of species and ion traps. Care has to be taken
when directly comparing the results, as the set-ups, trap
frequencies and rf-drive frequencies differ substantially.
Nevertheless, the table shows that atom-based micromo-
tion compensation is as good or even better than the best
reported values achieved with all standard methods.
In conclusion, we have presented a novel method to com-
pensate ion excess micromotion in a Paul trap. The
trapped ion is immersed into an atomic cloud. Micro-
motion is detected in terms of atomic loss and heating of
the cloud as induced by two-body and three-body colli-
sions between ion and atoms. Our minimization results
are as good as the best reported ones for fluorescence-
based detection methods. The method works in all three
dimensions while requiring optical access from only a sin-
gle direction. Besides compensation of excess micromo-
tion due to stray electric fields, as demonstrated here, it
should also work against excess micromotion due to phase
differences of opposing rf electrodes of the Paul trap. The
method can be used for all ionic species, including “dark”
ions without accessible optical transitions, as long as col-
lisions with the atomic gas are mainly elastic. Finally,
as it does not involve optical ion detection, creation of
patch charges is avoided. Hence, long-term stability of
the compensation settings is achieved, which is a prereq-
uisite for precision compensation of micromotion.
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25Mg+ 24 - - - - 0.2 0.75 25 4.5 2
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TABLE I. Comparison of commonly used figures of merit to quantify ion micromotion. Residual electric fields εr,z, micromotion
amplitudes ur,z and micromotion energies Er,z are given along with the trap drive frequency and the secular frequencies. The
first seven rows show values extracted from information of the given references. The last row gives the values obtained in this
work.
